Air-sea interactions by Loffet, A. et al.
•C.M. 1979/C : 48
Hydrography Cornmittee
Air-sea interactions
A. LOFFEl ~nd A. SAH
Mecanique des Fluides gcophysiques, Universite da Liege, Belgium
G. SCHAYES
Institut d'Astronomie et da Geophysique, Universite Catholique da Louvain, Louvain-la-Neuve, BelgiulfI
This paper is not to be cited without prior reference to the
author.
•Air-sea interactions
A. LOFFET 1 and A. BAH
Mecanique des Fluides geophysiques, Universi te de Liege, Belgiul'll
G. SCHAYES
Institut d'Astronomie et de Geophysique, Universite Catholique de Louvain. Louvain-la-Neuve, Belgium
Introduction
Of late years, the investigation of air-sea interactions and the
study of their effect on the dynamics of the ocean and the atmosphere have
gained considerable importance.
Much work is at the moment being devoted to the measurement and para-
meterization of the different transfers occuring at the air-water inter-
face. These consist mainly of fluxes of mass (water vapour.gases. pollu-
tants), heat (short and long wave radiation. latent and sensible heat).
momentum and mechanical energy.
At the local scale. these fluxes act as boundary conditions on the
oceanic and atmospheric systems. They supply almost all the energy for
circulations and turbulence in the ocean. They determine the state of
the sea and of the water immediately below the interface. (A very impor-
tant part of all the solar radiation absorbed below the bottom of the at-
mosphere is stored temporarily in the upper layers of the ocean). This
portion of the sea being most under their influence is also the place
where a very important biological activity occurs. which constitutes a
crucial link in the food chain in the sea. Besides. they determine the
state of the atmospheric lower layers. their stability. and their tempera-
ture. moisture and velocity distributions.
1. Aspirant F.N.R.S.
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Moreover, these fluxes are also of primary importance at the large
scale : the climate of the earth is a very intricate system involving
land, sea and air. As constant transfers occur continuously between the
different components, the dynamics of the climate must take the oceanic
and atmospheric dynamics into account, with all their interactions.
In this paper, we will present some of the work we are at present
undertaking in this field.
In a first paragraph, the radiative and turbulent energy fluxes will
be detailed ; several methods of measurement we are using will be descri-
bed and compared, and the first experimental results will be presented. ~
In a second paragraph, some features of the atmospheric bcundary
layer and the ocean mixed layer and thermocline will be depicted. The ge-
neral equations governing both phenomena will be introduced and different
modelling approaches we are using will be described.
A last paragraph will introduce a large scale air-sea interaction
problem and present SOme preliminary results: the ocean dynamics of the
Gulf of Guinea (laying stress on the upwelling problem), and its possible
connection with the climate of the Sahel area.
1.- Energy transfers and their rneasurernent
1.1.- THE BASIC ENERGY TRANSFERS
A general view of the various energy fluxes involved in air-sea interac-
tions is shown in figure 1. The two broad classes of exchanges are clearly
depicted : radiative and turbulent.
1.1.1.- Radiative transfers
The basic source of energy is the sun. Its light undergoes many
transformations before reaching the sea level. Diffusion and absorption
by atmospheric molecules and clouds may reduce in a considerable way the
energy arriving at the surface. Some light is also reflected by the sea
surface (albedo), so that the remaining energy really absorbed in the upper
layers of the ocean may vary within wide limits according to the season,
time of the day and cloudiness.
•
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fig. 1.
Schematic display cf energy transfers a...d transformations in the vicinity cf the
ocean-atmosphere interface. end the corresponding upward fluxes, assuming a steady-
state situation.
In the infra-red part of the spectrum, a more complex equilibrium is
reached between thermal emission from the sea surface and from the atmos-
phere above it. This is due to the high absorptive power of water vapour,
of course present in large quantities in the marine atmosphere.
1.1.2.- Turbulent transfers
Friction on the sea surface gene rates turbulence in the air, enabling
a turbulent transfer of energy. Some quantity of heat is exchanged in
this way between the sea surface and the air, but the biggest part of the
energy is extracted from the sea surface by evaporation of water, thus by
transfer of latent heat.
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Some part of the mechanical energy of the air is also transferred to
the ocean (waves, current, oceanic turbulence) •
The oceanic medium, subject to all these atmospheric inputs responds
in its own way. The characteristics of its surface are modified (tempera-
ture, roughness), and this can in its turn affect the lower atmosphere.
This is the basic feed-back mechanism of air-sea interactions.
This brief survey of the main exchanges between the atmosphere and
the ocean makes the complexity of the problem in its generality obvious.
This is the reason why most of the modelling approaches have to divide the
task into smaller ones. 4IIt
1.1.3.- Energy balance at the sea level
1f So denotes the solar incoming radiation flux and ~ the albedo of
the sea surface, the following relation states that the sum of all energy
fluxes is equal to zero :
t •10 - 1 L + 1 L - H - E + W o (1)
(a positive sign means a gain of energy for the surface)
where
10 = So (1 -~) ,
1~ is the infra-red emission of the surface, 1~ is the infra-red emission
from the atmosphere, H is the sensible heat flux (to the atmosphere) ,
E is the latent heat flux (to the atmosphere), W is the sensible heat
flux in the sea (positive upwards).
1.2.- TEE EST1MAT10N OF TEE FLUXES
1.2.1.- Radiative transfers
Measurements of radiative fluxes are difficult at sea mainly because
of sea spray. After a few days in normal conditions, the sensors are co-
vered with a film of salt, and a close watch on the instruments must ce
kept to ensure enough accuracy in the measurements. For that reason, only
solar radiative flux can be obtained in coastal stations without much
trouble. The albedo of the sea surface can now be fairly well determined
•
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from tables of sea surface reflectivity as a function of sun height,
cloud cover and sea state (Krauss, 1972). Because of the sea spray, ra-
diative measurements at sea can only be performed during special compaigns
when a constant survey of the equipment is possible. The global or net
radiative fluxes (upwards-downwards, both visible and infra-red) can then
be measured. The only problem is to keep the sensor horizontal and to
take into account the solid angle under which the sensor "sees" the boat.
1.2.2.- Turbulent transfers
There is no simple and direct way of measuring the turbulent energy
fluxes, and indirect methods must be used. We shall briefly describe here
four methods used to determine the fluxes at the local scale. They are :
a) drag coefficient formulas
b) similarity and surface layer theory
c) direct measurement of fluctuation covariances
d) spectral methods
a) Drag aoeffiaient
This is the simplest way of estimating the fluxes. The only quanti-
ties needed are the wind speed at some standard level (usually 10 m) above
the sea surface, the air temperature and humidity at the same level, and
the sea surface temperature.
In the turbulence theory, the fluxes are given by
"( Pa u
2 (2).
-
H
- p. C p• U. T. (3)
E
- Pa L u. q. (4)
where "( is the surface stress or flux of momentum, Hand E are the
sensible and latent heat fluxes, p. is the density of the air, C p• is
the heat capacity of the air at constant pressure, L is the latent heat
of vaporization of the water, u. is the friction velocity in the air,
T. and q. are the temperature and humidity scales of turbulent fluctu-
ations.
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The first drag coefficient Co is defined as the square of the ratio
of the friction velocity u. to the wind speed V measured at the standard
level, Le.
The other coefficients CE and C H can be introduced in a similar way.
The drag formulas are thus
Pa Co
2 (5)T = V10 eH C Pa C H V10 (T10 - T,,) (6)- Pa
E = - Pa L CE V10 (q10 - q,,) (7)
where T 10 is the air temperature at 10 m height, q10 is the air humi-
dity at 10 m height, T" is the water temperature, q" is the specific
humidity of saturated air at the water temperature (this quantity is deter-
mined from T" and the tables of thermodynamic properties of water vapour) •
In fact, the drag coefficients Co' CE and CH simply relate the measu-
rable quantities to unmeasurable ones. These coefficients have been care-
fully determined in special measurement campaigns by a best fit to the ob-
served flux data. Unfortunately, there is a wide variety of CD in the
literature. We present here one of the latest version reported by Friehe
and Gibson (1978). If
b.T T - T10 ,
"
CD 10-3 x (0.63 + 0.066 V10)
rO- 3 x (2 + 0.97 V10 b.T) r25 m s-1 KCH
= 10-3
if V10 b.T
x (1.46 V10 b.T) > 25 -1 Km s
C 10-3 x 1. 32
(8) _
(9)
(10)
(V10 in m s-1 T in Kelvins).
•
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As a rule, the Co's are increasing with increasing wind speed, because
of the increasing roughness length ze of the sea.
This is the simplest way of obtaining valuable estimates of the fluxes.
However, a non negligible scatter of Co values among different authors may
question the general applicability of the method.
b) SimiZarity theory - Surfaae Zayer forrrruZas
The original similarity theory of Monin and Obukov published in 1954
has been widely used recently since the determination of the functions by
Businger (1973). The theory stipulates that the vertical non dimensiona-
lised wind, temperature and humidity gradients are only function of a non
dimensional height ~ = z/L , where L is the Monin-Obukov length scale,
defined as
L (11)
g is the acceleration of gravity and T the mean temperature, k is the Von
Karman constant (k = 0.35) •
Thus
kz dT" </JH(~) (12);r:- äZ =
-
kz dq = h(t;)
q. dZ
The </J i (i = M, H, E) have now a weIl known analytical form (Businger,
1973) •
The relations (1.12) can be integrated from 0 (or zelto the standard
level of measurement (usually 10 m), yielding the integrated form ~i of
the </J i . We have then :
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k V10
In 2- >PMZo
k(T 10 - Twl
Z
(13)
0.74 In >PHZo
k(q10 - qwl
0.74 In Z <PEZo e
We obtain in this way an implicit set of equations that can be solved
iteratively to have L, u. ' T. and q. from the observed V10 ' T10 ' Tw
and qw The fluxes can then be obtained directly from equations (2) to
(4). It is important to note that in order to use equations (13), an adequate
value of Zo must be determined independently, generally as a function of
V10 •
c) Direct method
with fast response sensors and a fixed, stable frame of reference,
the fluctuating eddies in the air may be resolved and the turbulent fluxes
can be directly expressed as the covariances of the fluctuations of the
vertical wind component and the other quantity. Thus:
T = - Pa u'w l
H (14)
E p. L q'w'
(Here an overbar denotes a time average over an adequate period, generally
of the order of a few tens of minutes, and primes denote fluctuations
around the meanl •
Comparing (1.2 to 1.5) with (1.14) leads immediately to
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T'w'
- U.T. (15)
which can be used to define the velocity, temperature and humidity scales
This technique may be considered as an absolute measurement of the
fluxes (a reference one), but it needs sensors able to respond to frequen-
cies up to a few Hz in order to pick up the portion of the flux due to
small eddies. In the atmosphere, this implies a sampling frequency of the
order of 10 Hz.
The other important point is that the verticality of the sensor must
be accurately set, and must remain unchanged. Equations (I.14) show that
w' is the leading factor. Even a very small deviation of the sensor from
the vertical should induce the effect of u or v in the measured w
(since gene rally u '" v » W ). This implies the use of a fixed rigid
support for the instrument (a pile e.g.) and excludes any simple system
(as usual buoys or boats).
d) 5pectraL method
This promising method will be briefly outlined here. For details,
one can refer to Champagne et al. (1977).
In the inertial subrange of turbulence, the spectrum of wind fluctua-
tions follows the Kolmogorov's law :
2 2 5
Sy (n) = CX1 u'3 e: '3 n- '3 (16)
where CX1 is a constant '" 0.55, e: is the dissipation rate, n is the
frequency measured at a fixed point in space.
In neutral conditions, the wind profile follows the logarithmic law
As the turbulent energy balance in the stationary case is
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- u·w'
we have
dU
äZ e: ,
In the non-neutral ease, it ean be shown that this relation beeomes
(17)
As e: ean be found from (16), equation (2) gives an evaluation of the
momentum flux if L is known.
A similar proeedure ean be followed for temperature and humidity the
speetrum of temperature fluctuations follows the law
2 1 5
Se(n) = ße Xe u 3 e:-'3 n-'3 (18)
where ße is a eonstant ~ 0.4, Xe is the dissipation rate for tempera-
ture fluctuations (to be determined). The use of a similar hypothesis for
the temperature profile leads to the following expression for the temperature
seale
[
kZ X ]i
T. = - 2U.<P:
where <P H is the similarity function for heat.
The heat flux is then found by equation (3).
A quite similar relation is also established for q., but at the pre-
sent time, no experimental eonfirmation exists for it.
e) Comparison of the methods
Table 1 summarizes the needs and advantages of eaeh method.
The last two methods require instruments eapable of measuring frequen-
eies over 1 Hz in the fluetuations. The ideal instrument for this pur-
pose is the sonie anemometer. The Gill anemometer we have ean also be
used, if it is not too elose to the sea surfaee.
•~
Comparison of the methods used to determine the turbulent fluxes
t-lethod Data needed Instrument needed Comments Maximum
f>xoected error
Very fast methodA.Drag T 1o , T w , VlO ' Q,0
coefficient + choice of drag Simple instruments
~ -+~c0~e~f~f~i~c~i~e~n~t~"~fo~r~m~u~1~a~s~measurinq mean values
B.Sirnilarity T ,O , TW1 V lO , Q'0 Use cf buoy possible. Iterative method
Monin-Obukov + esti mated Zo
± 40 %
± 40 %
C.Direct u, v, w, T, q
covariance
Fast response instruments to Basic technique cf
measure fluctuating quantities. flux determination
Fixed frame cf reference
(towpr or mast fixed on bottom) Difficult method
Vertical must be accurately at saa.
definpd ..
± 10 %
D.Spectral u, T, q Fast response instruments to
measure fluctuating quanti ties.
Fixed frame of reference
not necessary.
Vertical wind gpp~d not needed.
Use of buoy should be oossible.
± 20 % (7)
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1.3.- A FEW RESULTS
A buoy has been operated in common by the Institut Royal Meteorolo-
gigue (I.R.M.), the University of Liege, and the University of Louvain-
La-Neuve, during two summer campaigns at STARESO, the oceanographic sta-
tion of the university of Liege in Calvi, Corsica.
The available data are summarized in table 2.
~
Data measured by the LR.M. buoy in Calvi
Campaign Per iod of recording Measured parameters
14-7-77 to 10-8-77 Wind speed I 6 rn heightSummer 1977 Air temperature at(wi th interruptions) Sea surface temperature at
- 2 rn
Wind speed
} atWind direction 6 rn height
Summer 1978 9-7-78 to 9-8-78 Air temperature
Wind speed
Air temperature } at 2 rn height
Water temperature at
- 2 rn
'e28r- ,
water
18 'Ir--« 2 m
o---.r 6m
160~.......-~6--'---::!!:--'--:~--'-~~'--=--'---::!!:- ......-;'~8-.L--;!O-: ......-:6~-L-=12:-~-;,':-8-.L-...J
M~V M~~
fi9. 2.
SampIe cf observed temperatures in the Bay of Calvi with the I.R.M. buoy
haur
date
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Figures 2 and 3 show a sample of the measured data. Figure 4 shows the
estimated fluxes for the 1978 summer campaign.
The reader may refer to the work of element (1979) for complete fluxes
calculations and comparisons. The complete set of data is available at the
LR.M.
16, ---,
14
12
~ fI'. direction
a...-..., 2 m
10
8
6
6m
fig. 3.
SampIe cf observed wind speed and directiot'l in the Bay cf Calvi with the LR.M. buoy
hour
date
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Hg. 4.
Estimated heat fluxes from 'n-{J7 to O~-1978
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2.- The boundary layers in the atrnosphere and the ocean
In the preceding section, several processes occuring close to the sea
surface (at a few meters height) have been described in order to measure
the turbulent fluxes at the interface.
As mentioned in the introduction, the fluxes act also as lower boun-
dary conditions for the atmospheric boundary layer, i.e. the layer in which
turbulent exchanges of momentum, heat and moisture take place. Typically,
this layer is from 500 to 1500 meters high. Above this level, the friction
~ of the sea surface is no more feit, and the air flux is normally non turbu-
lent.
They act also as boundary inputs for the upper layers of the ocean.
However, the ocean has a much larger thermic and dynamic inertia than the
atmosphere, and very often exhibits an important stratification which acts
as a barrier for the exchanges with lower water layers. This stratifica-
tion is mainly due to heat and salinity.
Before starting with the equations used to model the atmospheric boun-
dary layer and the upper layers of the ocean, it is interesting to have
a look at the general characteristics of the ocean vertical thermal struc-
ture.
2.1.- MAIN FEATURES OF THE VERTICAL THERMAL STRUCTURE OF THE OCEAN
In this section, we shall not consider the recently discovered pheno-
menon of fine-scale stratification or microstructure in the ocean, al-
though this could lead to a reconsideration of the modelling problem, but
emphasize the coarser general structure of the oceanic waters. (Further
informations about microstructure can be found in Fedorov, 1978).
In low and mid latitude areas, the mean vertical structure of the,
waters (disregarding annual or higher frequencies fluctuations) can be
schematized by the existence of three different layers :
a) a surface layer, 50 to 200 m deep, where the temperature is close
to its value at the surface
b) a layer in which the temperature decreases with depth and which
extends itself below the first and down to 1000 malmost. This is the
main or permanent thermocline.
c) deeper, the temperature gradient dies away
of the deep waters.
we are in the domain
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There are also some differences between the equatorial and mid-
latitude areas : in the former ones, the waters are highly stratified and
a weIl defined thermocline can be found ; in the latter ones, there is also
a thermocline, but not so important and often deeper.
However, polar areas, many lakes and some enclosed seas (as the
Mediterranean Seal do not exhibit a permanent thermocline. This mean
global structure is mainly the result of the large scale energetic exchan-
ges with the atmosphere and the general oceanic circulation.
The layers close to the sea surface (0 - 100 m) undergo the influence
of the exchanges with the atmosphere, and these have several weIl or less
marked periodicities (seasonal, diurnal, synoptic, •• ). Heat fluxes depend
locally on the season, hour of the day and atmospheric conditions. Mecha-
nical energy transfers, depending mainly on the wind, can also exhibit a
periodicity of a few days (synoptic, i.e. related to the development of
atmospheric perturbation in our latitudes, e.g.). The advection can also
take an important part locally.
In connection with the seasonal variations of the fluxes in mid and
high latitude areas, a seasonal thermocline develops at the bottom of a
layer often close to homogeneity in temperature. This thermocline appears
in spring, develops in summer and dies away at the end of autumn. The
temperature difference between the upper warm layers and the underlying
fluid is more important at mid-Iatitude than in polar areas. In low lati-
tude areas, the seasons are not so distinct, and there is almost no varia-
tion across the year.
Finally, diurnal or synoptic variations in the fluxes can also induce
diurnal or transitory thermocline structures. In special circumstances, a
succession of transitory thermoclines can be observed above the seasonal
thermocline, related to the evolution of the fluxes in the preceding days.
It should again be noticed that polar areas, some lakes and enclosed
seas as the Mediterranean Sea have only seasonal, diurnal and transitory
thermoclines.
One important problem, and also one of the best documented, is the
study of the effect of a gust of wind causing mixing in the upper layers
and entrainment of the underlying fluid. The new mixed layer can enclose
old thermoclines and even reach the seasonal thermocline and modify it.
•
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Figure 5 shows an example of a well develop mixed layer due to a
sudden rise in wind force. The profiles were taken at STARESO, calvi,
Corsica.
Temperalure (·C)
25201510
0+------L-----1.-.-__-r--.1f-
4
6
8
Deplh
(rnelers)
10-1-------.---------.--- -1_
fig. 5.
Vertical strueture cf the water temperatiJre off Cal vi t Corsica,
after the passage cf a gust cf wind (10 m/sl [18-07-77]
One of our present aims is to model the dynamics of the upper oceanic
layers at the different time scales. If the question of the mixed layer
deepening is well documented, its later evolution and restructuration still
set unresolved experimental and theoretical problems.
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2 • 2 • - BOUNDARY LAYER ~lODELLING
The fundamental hypotheses used for the modelling of the atmospheric
boundary layer and of the oceanic upper mixed layer and thermocline are the
following :
1) The Boussinesq approximation.
In the ocean
,
P po[l - a.(T - To ) + S(S - So)] , Po
where T is the temperature and S the salinity. In the atmosphere, a simi-
lar formula is introduced, involving potential temperature and water-
vapour content.
2) The parameters are decomposed into a mean value (denoted by an
overbar) and turbulent fluctuations. The equations for the mean values of
the parameters are considered, as well as the equation for turbulent kine-
tic energy.
Nowadays, second order closure models are being developed. These
consider also the equations for all second order covariances and use clo-
sure hypotheses for these equations. However, they involve many computa-
tion problems and in a first time, we will restrict ourselves to the former,
simpler but more direct approach.
3) Horizontal homogeneity is also assumed. This hypothesis is realis-
tic in the marine atmospheric boundary layer, because of the absence of
topography. In the ocean, it is also realistic if we consider areas far
enough from coastal areas and bottom effects.
We get in this way :
dU f(v - vg ) d --ät= - - u1w'dZ
av f(u - u g ) a --ät= - - -v1w'dZ
dT
- LW'T' R (ecean)ät +dZ POwc Pw
er
dB d -- R (atmosphere)ät -w'B' +dZ POa C Pa
(19)
(20)
(21)
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oS d -- (ocean)ät - -W'S'dZ
or
23- d -- (atmosphere)dt ä; w'q'
(22)
de ü'W'~ät=- dz -- dV d p'W'V'W' - + W"b'" - - [-- +dZ dZ Po (23)
The frame of reference is dextrorsum, with Z positive upwards. The over-
bars have been omitted for mean speeds (u,v), temperature, or potential
temperature in the atmosphere (T,6), salinity (S), humidity (q) and turbu-
lent kinetic energy (e). f is the Coriolis parameter and (u g , vg ) the
geostrophic wind or current. Po and c p are related to the air, or the sea
water, R is the divergence of the radiation flux, b' denotes the fluctua-
tions of buoyancy b'defined as b= _P -Po g. An equation for buoyancy can
Po
be written instead of (21) and (22).
The right-hand side terms of the last equation have the following
physical meaning
- ü'WT dU _ v'w' dV is the turbulence production due to shear in the meandZ dZ
wind or current ,
b'w' is a source or a sink of turbulent kinetic energy due to the buoyancy
forces ,
2
d p'w'
-[--+dZ Po
u,2 + v,2 + w,2
w'] is a transport term of turbulence,
~ is the turbulent kinetic energy dissipation (~ > 0).
Closure hypotheses have to be introduced now in order to solve the
system. We also need initial and boundary conditions for the different
variables.
We will examine the particular cases of the atmospheric and oceanic
boundary layers.
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2.2.1.- Atmospheric boundary layer
The turbulent diffusivities KM K e and Kq are introduced
_ -u'w' = K auM~
_ w'e' = K aee~
- w'q' = K q 1:1.az
K ~
M az (24)
(25)
(26)
In this case, if we neglect the divergence of the radiation flux, equations
(19) to (22) become
av a avät = - f (u - u g ) + ~ (KM ~)
ae a aeät = az (K e az)
(27)
(28)
(29)
(30)
These four equations can be solved numerically if initial profiles of u,
v, 6 and q are given as weIl as the temperature and humidity time evolu-
tion at the sea level. The K I S are used as parameters. Many kinds of ABL
models have been devised assuming various forms of K(z) profiles. The in- ~
terest reader can find a review of K(z} specifications in Yu (1977), Coantic
(1978) and Schayes (1979).
A not complicated and realistic K formulation is based on equation
(II.5). The introduction of the diffusivities and several hypotheses lead
to :
ae ~ au 2 av 2 1.35 t ~:) + a [ ae)ar-= KM [äZ) + [äZ] 1.2 äZ KM äZ E: (31)
(a) (b) (c) (d)
where we find again the expressions for turbulent kinetic energy production
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by wind shear (a), production or removal due to buoyancy (b), diffusion (c)
and dissipation (d).
The dissipation 8 is frequently expressed as
(c is a constant)
and KM is defined by
The set of equations is then closed if we specify the mixing length
t. Various formulations exist among which the one of Blackadar is fre-
quently used
kz
kz
+T
where
or
1
t
1 + 1
>; kz
-4 IUg I2.7 10 T (Ug is the geostrophic wind) •
Up to this point. the model fits mainly continental ABL simulation.
On land, turbulent processes are dominating due to the normally large tem-
perature oscillation of the night and day sequence. Large instabilities
can develop during the day, triggering convection. On the other hand,
over the sea, the daily temperature oscillation (at sea level) is very
much smaller, and instability does not develop in daytime (unless advection
of cold air over warm water occurs).
Therefore, radiative and evaporation phenomena are as important as
turbulent ones over the marine ABL and we must take the radiative term
into account in (29).
(Je (J [K ~l + R(Jt äZ 9 (Jz POa C Pa
R a (pt _ p»(JZ
(32)
(33)
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R is the heating rate due to the divergence of the radiation flux density.
F' is the total radiative flux upwards, and F· the total radiative flux
downwards at the considered level.
The F'S are computed by integrating the absorptivity - emissivity of
water vapour at all levels above or below the considered level. For exam-
pIe F· is given by :
dz (34)
where cr is the Stefan constant (black body) and ~ is here the emissivity of
water vapour between levels z1 and z. A similar equation is used for F' •
Such a radiative model should simulate the marine ABL in a reasonably
good way as far as advective phenomena are not important.
Let us notice two points now
- this model does not take any condensation of water vapour into account,
i.e. the presence or formation of clouds above the BL (medium and high
clouds) and in the BL (low clouds), which affect considerably the radiative
balance of the system. These important problems have not yet found a good
solution. They are often parameterized in a crude way in order to avoid
very long computation time.
- if horizontal homogeneity cannot be assurned, one has to turn to a two-
dimensional or even a full three-dimensional model. This is however needed
to represent phenomena as sea breaze along a coast, or non uniform meteoro-
logical situations, which unfortunately are not rare.
Input data for the models consist of initial profiles of wind, tempe-
rature and humidity, and the evolution of the sea temperature. These data
are obtainable from standard radiosoundings and special tethered balloon
soundings for the lowest level (z ~ 500 m) .
2.2.2.- Oceanic upper layer
Although the general equations are similar, the approach of the pro-
blem has been to a slight extent different in the case of the oceanic mixed
layer and thermocline. Efforts have been made ta salve equatians (19) ta
(23) using similar techniques as in the atrnosphere, but much emphasis has
been laid on integrated models, capable of simulating the time evolution
•
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4. The buoyancy flux can be obtained from 2 and 3
5. 1 p'w'- w' (u,2 + v,2 + w'2) +
2 Po (40)
This is the flux of the turbulent velocity and pressure fluctuations.
Near the surface, it must be equal to the rate of working by the wind,
and is usually parameterized as - clu~ where cl is a proportionality factor.
b) Bottom boundary.
Below the mixed layer, the turbulence and turbulent fluxes vanish.
If we integrate the equations, this process leads to special boundary con-
ditions detailed below.
2.2.2.1.- Non integrated models
Mixing length hypotheses are also used in the ocean. The main problem
is to find a good parameterization for the eddy diffusivities. In Mellor
and Durbin's model (1975)
- (u'w' v'w')
where SM(Ri) and Rr(Ri)
[ Ri
ab
a;
[dU)2 + [dV)2
dZ dZ
take the effect of static stability on the eddy coefficients into account.
The S(Ri) '5 have been estimated using higher order closure hypotheses and
laboratory experimental results.
A simplified turbulent kinetic energy balance neglecting diffusion and
assuming local equilibrium is also used.
•-- au -- av --
u'w' äZ - v'w' äZ + b'w ' - €
:s
€ = C e 2 1.-1
o
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where c 1s a constant and 1. 1s def1ned as
1 1 1
1. + 1._-Kz
and
-. Ce z dz
1.
-
- c'
(e dz
where c' 1s another constant.
These models make no assumption concerning the existence of a mixed
layer. They give realistic profiles with mixed layers and thermoclines,
but they require much computation work and leave some important physical
processes apart.
2.2.2.2.- 1ntegrated models
1f we assume that there exists a weIl mixed layer (temperature, sali-
nity, and to a lesser extent, current), we obtain the so-called slab models,
and equations can be integrated over the mixed layer depth h (from - h
to 0)
e h du = fv h - UIW~ + 'ü'W' (41)dt -h
h ~=
- fuh - V'W' +~ (42)dt 0
-h
h dT =
- W'To +~ + 10 (l-r) (1 _ e-'l'h) (43)dt -h Poc
h dS
- w'Sö +~ (44)dt -h
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de Ja [P'W' + w' ]h - = Prod + i:i"'W'"dZ - (u,2 + v· 2 + w,2 l
dt -h Po 2 0
+ [plW I + w' (u,2 + v. 2 + W,2)] _ Diss (45)
Po T -h
Rere, u, v, T, Sand e denote the values of the variables in the mixed
layer, and geostrophic current has been omitted.
These equations involve the fluxes at the bottom boundary of the mixed
layer. Taking into account the fact that discontinuities are possible at
the bottom of the mixed layer for temperature, salinity, current and kinetic
energy, the bottom boundary fluxes can be expressed as :
~+ Weu 0 (46)
- h
V"i""W"I + Wev = 0 (47)
- h
W'T' + WelT-Tb) 0 (48)
-h
'W'S' + WelS-Sb) 0 (49)
-h
[ p'w' w' (U ,2 +v ,2 + W,2 ) 1 + .!.(u2 + v 2)--+ wee - We 0 (50)Po 2 2
-h
where the subscript b denotes the values in the layers below the mixed
layer.
The value We appearing in the equations is the rate of entrainment of
the underlying fluid into the mixed layer, and it is equal to the time de-
rivative of the mixed layer depths when this is increasing. Rowever, when
the depth of the mixed is decreasing, it is assumed to be completely de-
coupled from the ocean interior and We = O. The physical meaning of this
assumption is the fact that the ocean mixed layer cannot demix. This can
be collected in a formal way using the Reaviside function
e(x) if r <: 0
x ~ 0 ,
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dh (dh)W. = dt e dtJ •
If we introduce equations (46) to (50) into equations (41) to (45), we
get after a little algebra
d (h u) - fv h ~dt Po
d (h v) + f u h ~
e dt Po
(51)
(52)
(53)
(54)
h -- h Clg [2 -'rh 2 1
+ -2 b'wo' - - -- I o (1 - r) 1 - - + e (1 + yh) - Diss2 Po c yh (55)
Equation (II.27) is used as a balance, i.e. h :~ ~ O. The production of
turbulent kinetic energy is zero in the layer since there is no shear (u
assumed constant). Shear can act at the bottom of the layer [third term
on the left hand side of (55)], and also in a thin layer close to the
surface and driven mainly by wind (Prods)' Prods can be parameterized by
C2U~ where c 2 is a proportionnality factor. Production at the surface and
turbulent flux can be taken together and u:. = C1U: + C2U~ used as a new
turbuient velocity scale.
The problem now is to find a good parameterization for the energy dis-
sipation. As the turbulent kinetic energy has three major sources :
- Production plus flux at the surface = u;. = Prod sur'
- Production due to shear at the bottom = W .!.(u2 + v2 )
• 2
= prodshear
- Production due to buoyancy flux at the surface
= Prod buOY ;
h b"" (if b'wo' > 0)"2 Wo
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the dissipation rate is written as a sum of three parts corresponding to
each particular source
Diss
Again, e is assumed to be of the order of u~. (or u~). This leads to
2
u ..
1 - <P3
--]
b'wo
h a a [2 --rh 2]
- - .::....&. Io{1 - r) 1 - - + e (1 + -)2 Poc yh yh
In the first applications, <PI' <P 2 and <P 3 were taken as constant. Recently,
Kitaigorodskii developed the model for particular cases of deepening and
by comparison with weIl documented laboratory data. he got express ions of
<PI and <P2 as a function of the bulk Richardson number
Ri••
h[ag(T - Tb) - ßg(S - Sb)]
u~.
Such models can describe the time evolution of the mixed layer if they
are weIl calibrated.
Further improvements we would like to develop are the following :
- the development of an integrated model in parallel with a non integra-
ted one. This will shed some light on the general validity of the parame-
terization of the integrated model.
- the modification of these models to introduce other effects as inter-
nal waves. e.g.
- the search for stationary or quasi-stationary solutions for this pro-
blem. and their conditions of existence.
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3.- Climatic problems related to air-sea interactions
3.1.- DEFINITION OF TEE PROBLEM AND JUSTIFICATION
The necessity of a better understanding of climate and climatic changes
has become evident nowadays. As climatic fluctuations are governed by the
climatic system components, in which the oceanic system takes a prominent
part, it is understandable that the European Commission for Research in the
field of climatology asks the oceanographers to undertake more research
dealing with climatic problems.
Among these, some playa leading part because of their serious social
and economic consequences : coldest winters for a long time in England
(1962-63), USSR, Turkey (1971-72) highest summer temperatures and follo-
wing drought in USSR, Finland and Western Europe ; persistent drought in
the major countries of the Third-World : Chile (1960-69), Mexico, Sahel and
Cape Verde Islands (1968-73) ; catastrophic floods all over the world
(even in the central Australian desert) •
The W.M.O. (World Meteorological Organization) understood it well,
and its efforts to solve these problems are constant, for example through
international research programs as IDOE (International Decade of Ocean
Exploitation), GARP (Global Atmosphere Research Program), GATE (GARP
Atlantic Tropical Experiment), WAMEX (West African Monsoon Experiment).
The problem of drought in the Sahel related to the upwelling phenome-
non in the Gulf of Guinea that we are investigating is well at its place
in this context.
Many arguments plead in favour of this study, which are of
1. Geographical nature
The tropical situation of this zone first, and secondly, the proximity
of theequatorial region allow theoretical studies required by meteorolo-
gists about the energetic equator fluctuations and the equatorial atmosphe-
ric and oceanic circulations (cfr. GARP), especially the ascending branch
of the Hadley cell;
2. Physical nature
- On the one hand, the existence of monsoon winds due to ocean-continent
thermal gradients because of the permanent conflict between air masses
under the direct influence of A~ores, St. Helene and Libye anticyclones,
and Saharian and equatorial troughs,
MAT Mid-Atlantic Trough
\ \ AEJ :
TEJ
ITD
African Easterly Jet-stream (mid-troposphere)
Tropical Easterly Jet-stream (high troposphere)
Intertropical Discontinuity
c.n
(Xl
•
fig. 6 •
After WAMEX (1976).
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- and on the other hand, the oeeurenee of eoastal and oeeanie upwelling
in the Gulf of Guinea just under the fetch zone of monsoons, are the best
way to an adequate approach of any study of the ocean-atmosphere-continent
hydrologieal eycle, and thus, of the pluviosity in the Sahel.
Moreover, interactions with extratropical zones (figure 6) support
the interpretation of the extratropical role whieh is to be played by this
region : eventual eorrelations for elimatie anomalies between the
Mediterranean Basin and the Sahel zone ; European and American atmospheres
pollution by saharian sands, and who knows, tomorrow, perhaps with dust,
CO2 and ashes due to the burning of the bush used by the sahelian tradi-
tional agrieulture? In the same way, the incursions in the Sahel of the
high latitudes cireulation must be noticed, as weIl as the rejeet of the
subtropical antieyclone belt towards mid-latitudes.
The basic idea of this study is the following: as preeipitations
are function of the water-vapour content of the air masses over the eonti-
nent, the variation in the intensity of oceanie evaporation related to any
loss all along the oeean-atmosphere-eontinent hydrodogieal eyele eould ex-
plain the abnormal defieit of pluviosity in the Sahel area, and thus, the
inereasing risk of drought and aridifieation.
3.2.- THE UPWELLING IN THE GULF OF GUINEA
In order to understand the generation and the development of the up-
welling in the Gulf of Guinea, we try to discern the eventual role of loeal
effects from that of external effects
- are the fundamental eauses of purely oeeanie origin (trade wind regime
variation exeiting a Kelvin wave propagating eastward along the equator),
- or are they of loeal eharaeter with south-west trade winds (monsoons),
topographie effeets and irregular eoastline (existence of capes and biqhts)
playing the fundamental part ?
The mathematieal model used is the following :
dU dU dU dh 'x d 2U d2 U
ät + u dX + v dY = ßyv - g' ~ + pH + A (dX2 + dy2 )
dV dh 'y d 2V d2V
v ay = - ßyu - g' ay + pH + A (-- + --)
dX2 dy2
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ah a a
ät+ ax [(H+h)u) + ay [(H+h)v) 0
where u, v and h describe perturbations of horizontal circulation and upper
layer thickness (fluctuations of pycnocline) I ß is the Rossby parameter,
'[ ".y the components of the surface wind stress in the east and north direc-
tions, respectively. g' is the reduced gravity
g' 9
P (= P1) is the density of the upper layer, H is its mean thickness and
A the horizontal eddy viscosity coefficient.
Introducing non dimensional parameters, we get
oh ;)1. Oh au av aH aH
at + al u au + v ay + al (H + h) ax + (H + h) ay + alu äX + v ay = 0
where
L y
L"
1:5 7
a2 = ß- '2 9 -:4 (H + h)-:4 ,
:5
A ß~ [g'(H + hl]-:4
w {g' (R + h)
ß L"
L" and Ly are the zonal and meridional length scales respectively.
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The dimensional analysis shows that, for a constant H (50 m), the wind
forcing term a2 plays the fundamental role :
10-6
With such a model, we can predict, as soon as meteorological forcings
are known, the intensity and the duration of the upwelling, and further,
if a thermal equation is associated, the sea surface temperature (SST),
~ that could allow the quantification and the analysis of energetic exchanges
(latent and sensible heat) in the Gulf of Guinea, and consequently, an
approach of the hydrological cycle and its influence on the pluviosity in
the Sahel.
Preliminary results confirm the general theoretical characteristics
already described by O'Brien et.al. (1978) :
- eastward propagating perturbation along the Equator, generating an
upwelling of 12 m on the tenth day, with an east-west perturbation velocity
u = - 0.41 m/s ;
- full upwelling in the entire Gulf of Guinea on about day 50, with the
maximum value centered at the Equator.
3.3. - DATA ANALYSIS AND INTERPRETATION
The theoretical study is completed by the analysis of climatic data
(precipitations and run-off in the Sahel, SST in the Gulf of Guinea).
Up to now, the only available data are precipitations for 20 stations
and a 69 years period (figure 7). The curve on figure 8 is somewhat
like that of Bunting et al. (1976) and shows periods of extreme drought
(1913, 1940, 1070). Bunting et al.used only five stations. Our curve
uses more stations and is thus better for the zonally averaged means, as
recommended by the WMO, because of the high spatial variability of convec-
tive rainfall in the Sahel region. The great difference is the peak for
the year 1966. However, this value is doubtful and must be related to the
surprising maximum monthly value of April 1966 (208 mm, i.e. 26 % of the
total annual rainfall in 1966).
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Hg. 7.
Reinfall stations in West Africa used in the zonal mean
So, the only values for the 4 months per iod - june to september -
are considered further. The choice of this period can be justified as
follows
1. 91 % of the rainfall occur during these 4 months (Bunting et al.,
1976) ;
2. the maximum pluviosity cannot occur in april, but in july and (or)
august, when the ITF (Intertropical Front) reaches its northest position, 4It
whereas, even in may, the ITF lies in conakry (9°30'N), far south from the
Sahel zone, whose lowest latitude station is Maidugury (10 0 47'N);
3. rainy monsoon winds blow over the upwelling zone in the Gulf of
Guinea during this chosen period.
The resulting curve (figure 9) is more similar to that of Bunting
et aL (1976) and depicts the general tendency of a decreasing pluviosity
during the last thirty years.
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fig. 8.
Mean annual reinfall far the 20 sehalien stations
expressed as a percentage of the normal 1905-1973.
Fourier analysis has been performed for the annual means, and the
spectrum shows peaks at several frequencies (figure 10 and table 3).
~
Period (years per cycle) observed by spectral analysis of zonal mean rainfall
in the Sahel (Bah, Bunting et al.) and temperatures in Central England (Mason).
Values of % cf total variance are underlined.
l-1ASON (1976) 23 14.5 11, 5 7.6 5.2 3.5 3.1 2.8 2.5 2.2 2.1
~ ~ lQ
BUNTING et aL 40 20 10 6.7 5.0 4.0 3.3 2.9 2.5 2.2 2.1
(1976)
1.:.1. .l!h2. .!1..:.i .!.Q.,1. 2,,2 2..:2. ~ 1:.2. 11.:2 11.:2 .2.:.1.
SAH ( 1979) 34.5 11.5 6.9 4.9 4.3 3.9 3.5 3.1 2.8 2.5 2.4 2.2
Ud .lli.2 1.:1. .hl H .hl 1..:2.
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fig. g.
Mean rainfall for the 4-months period (June. JulYr August. September)
expressed as a percentage of the corresponding normal 1905-1973.
The 11.5 years periodicity may be identified with the semi-period of
the "double sunspot cycle" or Hale cycle.
The 7.1. years peak suggests the periodicity of 8 years observed over
Lake Victoria, which is very regular and which rnay be associated with solar
activity.
Lower periodicities could perhaps be related to the cycles of suspen-
ded particles, CO2 , ice blocks, sea level pressure, coastal upwelling
easterly perturbations, Arctic ternperature anornaly, or other climatic fea-
tures.
These preliminary results should be confirmed by further studies.
Nevertheless, it is surprising to notice that Bunting et al (1976), as well
as Mason (1976) obtain similar periodicities, especially at high frequen-
eies, with temperature data series in Central England (1668-1975) (table 3).
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Power spectrum of the zonal mean rainfall record
Does this result imply that mid-latitudes and subtropical latitudes
are under the influence of the same high frequency phenomena at short cli-
matic scales? Or could there be some interaction, may be linear, between
meteorological and climatic phenomena of these different latitudes ?
There is another hypothesis : the persistence of polar air masses in
the subtropical atmosphere in the form of cold air drops, and thus, the
influence of polar front fluctuations on the climatology of the Sahei. If
so, there is a need for further studies of the possible correlations be-
tween climatic phenomena of subtropical zones and corresponding phenomena
not only in the Mediterranean Basin (Helbig, 1976), but also in higher la-
titude zones.
For fitting purpose, Bunting et al (1976) gave the curve
R - 12.7 + 12.9 sin 2lf(t + 12)
180
•...
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but they underlined that it provides no basis for forecasting. The curve we
propose is the following, and it contains 84 % of the total variance :
R - 6.62 cos (2. TTt - 63°56) - 7.63 cos (..!. TTt - 33° 62)69 69
- 7.02 cos 4 - 49° 33) + 4.72 cos 12 - 58°35)(2'3 TTt (23 TTt
- 6.64 cos 46 - 57°4) - 4.71 cos 50 - 6°)(69 TTt (69 TTt
- 5.07 cos 20 + 2°97) + 3.84 cos 20 + 47°6)(2"3 TTt (69 TTt
- 3.71 cos 14 + 58° 77) - 3.73 cos 44 + 41°67)(69 TTt (69 TTt
-3.77cos 52 - 54°56)(69 TTt
where R is the % deviation from the 1905-1973 mean and t is the time
in years.
•••
• •
•
•
Observed values
(% of the mean 1905-1973)
fig. 11.
Observed values versus comput.ed values for R
••
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Computed values and observed ones are plotted on figure 11.
We intend to perform the same analysis on SST data series, as soon as
they become available, in order to get significant periodicities of anoma-
lies eventually re lated to continental rainfall variations.
An efficient collaboration could be established with IRM (Institut
Royal Meteorologique de Belgique) and LMD (Laboratoire de Meteorologie
Dynamique, Palaiseau, France) •
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